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ABSTRACT 
 
The middle Miocene δ18O enrichments from deep-sea data and eustatic sea 
level falls are traditionally attributed to expansion of the East Antarctic Ice Sheet.  
Interpretations of such data have led many to conclude that the West Antarctic Ice 
Sheet (WAIS) was not well-developed until the late Miocene.  In such a scenario, 
middle Miocene glaciation on the Ross Sea shelf would have had to be minimal, 
perhaps in the form of ice caps, to be consistent with proxy data.   
New seismic-stratigraphic analysis of the Ross Sea outer continental shelf 
suggests that at least five grounding events (ice sheet advances into the marine 
environment, in contact with the sea floor) occurred in the middle Miocene.  Because 
West Antarctica constitutes a major part of the drainage basin for the Ross Sea, these 
results do not support the long-standing assumption that West Antarctica was 
substantially ice-free, although the number of WAIS grounding events generally 
matches the number of extreme δ18O enrichments and eustatic lowstands.  Rather, the 
seismic-stratigraphic evidence from the Ross Sea shelf documents waxing and 
waning of a well-developed WAIS in the marine environment at least on the Pacific 
sector of the West Antarctic continental shelf, and suggests a WAIS that was more 
robust in the middle Miocene than has previously been deduced from proxy data. 
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CHAPTER 1.  INTRODUCTION 
 
During the early Miocene (~24 Ma to ~16 Ma), thermohaline circulation was 
much different than today because low-latitude inter-oceanic passages (i.e., through 
the Isthmus of Panama and Tethys Seaway) permitted well-developed equatorial 
circulation. This equatorial surface flow produced warm saline water masses (i.e., 
Tethyian Indian Saline Water; TISW) that sank to intermediate depths and flowed 
southward (Woodruff and Savin, 1989). The upwelling and subsequent refrigeration 
of TISW in the Southern Ocean probably was a major agent in the meridional heat 
transport that helped maintain relatively warm climates in Antarctica during the early 
Miocene (Woodruff and Savin, 1989; Wright et al., 1992; Flower and Kennett, 1995).   
 At the start of the middle Miocene (i.e., ~16 Ma), closure of the Tethys at the 
eastern portal of the Mediterranean Sea severely interrupted equatorial circulation 
(Hsu and Bernoulli, 1978; Steininger et al., 1985) and resulted in reduced production 
of TISW (Woodruff and Savin, 1989) (Figure 1). According to conventional 
interpretations of deep-sea proxy data, the reduced meridional heat transport led to 
climatic cooling in the Southern Ocean, which thereafter fostered rapid growth of the 
Antarctic Ice Sheet. Indeed, the large magnitudes of δ18O enrichments (Shackleton 
and Kennett, 1975; Woodruff et al. 1981; Woodruff and Savin, 1989,1991; Wright et 
al., 1992; Zachos et al., 2002) and eustatic falls (Haq et al. 1987) in the middle 
Miocene (~16 Ma to ~10 Ma) suggest significant long-term cooling and several 
stepped expansions of ice volume on Antarctica (Figure 2). Primarily on the basis of 
these deep-sea proxy and eustatic records, it is generally assumed that: 1) middle 
Miocene ice volume increases were associated with the large land-based East 
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Antarctic Ice Sheet (EAIS) attaining physical dimensions similar to that existing on 
East Antarctica today (Savin et al., 1975; Woodruff et al. 1981; Wright et al., 1992); 
and 2) West Antarctica, a much smaller block of low-lying continental crust and 
volcanic highlands, remained substantially ice-free until the latest Miocene (Kennett 
and Barker, 1990, Prentice and Matthews, 1991, Mercer, 1977) (Figure 3). 
 Although the view of an ice-free West Antarctica during the middle Miocene is 
widely accepted, eustatic and deep-sea proxy records do not uniquely define the 
specific locations on Antarctica where the ice-volume fluctuations occurred. 
Moreover, direct geologic evidence suggests that ice cover on West Antarctica may 
have been more extensive than has traditionally been deduced from proxy data. For  
Drake Passage
Eastern Tethys
 
 
Figure 1.  Tectonic setting at the beginning of the middle Miocene, ca. 14 Ma 
(modified from www.scotese.com/earth.htm).  The eastern portal of the Tethys 
Seaway closes, resulting in reduced production of Tethyan-Indian Saline Water 
(TISW).  Concurrently, the Drake Passage becomes wider and deeper, enabling 
thermal isolation of Antarctica from the development of the Antarctic Circumpolar 
Current. 
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example, radiometrically-dated hyaloclastites (subglacially-erupted volcanics) require 
that thick ice-covered subaerial highlands of West Antarctica at Marie Byrd Land 
existed during this time frame (LeMasurier and Rex, 1982). In the marine 
environment, detailed seismic-stratigraphic studies of the Ross Sea outer continental 
shelf demonstrate that grounded ice (ice in contact with the seafloor) existed during 
several intervals in the middle Miocene (Anderson, and Bartek, 1992; De Santis et al., 
1995). The exact number of grounding events has not been determined and debate 
still exists concerning the extent of grounded ice on the Ross Sea continental shelf 
during the middle Miocene. Anderson and Bartek (1992) argued that the middle 
Miocene grounding events on the Ross Sea continental shelf were shelf-wide (i.e., 
lateral advances of ice in contact with the sea floor and covering the entire continental 
shelf). This line of reasoning suggested to Anderson and Bartek (1992) that a full- 
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Figure 2.  Miocene eustatic sea level curve (on left) and δ18O curve from ODP site 
747 (on right).  The eustatic curve shows a step-wise sea level lowering for the 
middle Miocene; sequence boundaries are labeled ‘TB’.  The δ18O curve shows a 
general trend of oxygen isotope enrichment in the middle Miocene, along with 
various ‘Mi’ events, interpreted to be episodes of ice volume increase and/or deep 
water cooling (eustatic curve modified from Haq et al., 1987; δ18O curve modified 
from Miller et al., 1996). 
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bodied marine-based WAIS ice-sheet drainage pattern (Figure 4) existed during 
middle Miocene glacial periods, because by analogy with the modern West Antarctica 
constitutes a major part of drainage basin for the Ross Sea continental shelf. If 
correct, ice volume fluctuations on West Antarctica may have played a larger role on 
middle Miocene climatic and eustatic change than previously thought.   
Antarctic Circle
Antarctic Circle
Ross Sea
Antarctic Circle
Ross Sea
 
 
 
Figure 3.  Extent of ice sheet on Antarctica.  The two maps on the bottom show 
possible extent of glaciation in the middle Miocene; most of the ice is on East 
Antarctica while West Antarctica is considered to have had isolated ice caps.  The 
upper map shows maximum ice sheet configuration, with ice sheet extending to the 
continental shelf edge (modified from Prentice and Matthews, 1991). 
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 De Santis et al. (1995) also proposed that there were multiple Ross Sea grounding 
events, but they argued that the extent of grounded ice was relatively limited, 
covering only subaerial banks on the outer continental shelf. They concluded that 
submarine areas of West Antarctica were ice free even during the peak of middle 
Miocene glacial episodes and that the WAIS was not fully developed until the end of 
the late Miocene, when ice caps coalesced across the sediment-filled marine basins 
between the subaerial banks (De Santis et al., 1995; 1999)(Figures 5 and 6). This 
view of small West Antarctic ice caps during the middle Miocene and a latest-
Miocene transition to extensive ice cover generally is consistent with the theme of  
Weddell
Sea
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Sea Wilkes
Land
Prydz
Bay
A
ntarctic
Peninsula
4000
1000
ICE FLOW DIRECTION
PROGRADING SEQUENCES 0 1000 km  
 
Figure 4.  The Antarctic ice cap with ice flow directions indicated by dashed lines and 
arrows.  Most of the ice currently draining into the Ross Sea is from West Antarctica 
(Cooper et al., 1991). 
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conventional interpretations of deep-sea proxy data, i.e., that West Antarctic 
glaciation was not significant until the latest Miocene.   
These different views on the evolution and extent of Antarctic ice volume 
during the middle Miocene are incompatible. Ultimately, before we can fully resolve 
the global-scale question concerning the meaning and cause of the dramatic climatic 
and eustatic shifts deduced from middle Miocene proxy records, it is necessary in the 
first place to redress the local debates and precisely define ice sheet extent on West 
Antarctica. In this study, single-channel seismic data that were not available at the 
time of the Anderson and Bartek (1992) and De Santis et al. (1995) studies were used 
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Figure 5.  Bathymetric map of the modern Ross Sea continental shelf.  Modern banks 
are shaded in grey.  The black squares denote the positions of DSDP sites. 
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to evaluate two specific questions with respect to the nature of middle Miocene ice-
volume changes on the Ross Sea outer continental shelf (i.e., West Antarctica).  1) 
Were Ross Sea grounding events shelf-wide or restricted to local topographic highs?  
and 2) How many grounding events occurred during the middle Miocene?   
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ROSS ICE SHELF
Holocene erosion
of RSU4
and limit of
study area
DSDP 273
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Figure 6.  Structural contour map of RSU4 (base of middle Miocene section; depths 
below sea surface in meters) and distribution of seismic facies in the lower middle 
Miocene sequence RSS-5.  Ice-proximal facies (facies A and C depicted in dark grey) 
are interpreted to be located adjacent to both the North and South Central Highs 
(NCH and SCH on the map).  Arrows indicate direction of clinoforms within seismic 
section RSS-5 (De Santis et al., 1995). 
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CHAPTER 2.  MATERIALS AND METHODS 
  
 Three regional single-channel seismic surveys were used in this investigation: 
PD90, NBP94, and NBP 95. Survey PD90 consists of nearly 6000 km of seismic data 
acquired aboard the R/V Polar Duke during the 1990 austral summer using a 150-in3 
generator-injector (GI) air gun.  Surveys NBP94 and NBP95 consist of over 7000 km 
of data acquired aboard the R/VIB Nathaniel B. Palmer during the 1994 and 1995 
field seasons using a 50-in3 GI air gun (Figure 7). 
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Figure 7.  Seismic grid used in this study.  PD90 was acquired aboard RV Polar Duke 
in 1990; NBP94 and NBP95 were acquired aboard RVIB Nathaniel B. Palmer in 
1994 and 1995, respectively. 
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 The middle Miocene section of the Ross Sea was identified from Deep Sea 
Drilling Project (DSDP) sites 272 and 273 (Savage and Ciesielski, 1983) (Figure 8).  
From these drill sites, the top and base of the middle Miocene were correlated to 
seismic data using time-depth conversions from the ANTOSTRAT Atlas (1995). 
Regional correlation of the middle Miocene section was performed by hand on paper 
copies of seismic data plotted at a vertical scale of 33:1. 
Age assignments for unconformities sites 272 and 273 are equivocal because 
correlation to paleomagnetic polarity zones was not available.  The chronology was 
based on the diatom zonations of Weaver and Gombos (1981).  Within the Weaver 
and Gombos (1981) scheme, placement of epoch boundaries was very subjective 
because stratigraphically important planktonic calcareous microfossils in the Southern 
Ocean are rare, and thus diatom datums could not be tied to absolute ages for low-
latitude zonation schemes.  Subsequent to the Weaver and Gombos (1981) and 
Savage and Ciesielski (1983) studies, Southern Ocean diatom biostratigraphy has 
been re-examined by Censarek and Gersonde (2002) to include a new diatom 
zonation with magnetostratigraphic age assignment.  However, this zonation has not 
yet been applied to sites 272 and 273.   
2.1  Types of Grounding Events 
To determine whether grounding events were shelf-wide or were restricted to 
bank crests, three seismic-based experiments were conducted. If the extent of 
grounded ice was restricted to topographic highs on the Ross Sea shelf, then the 
middle Miocene section should have been primarily derived from the banks. 
 The total volume of the middle Miocene strata was divided by the area of the 
topographic highs to estimate a minimum reconstructed height of the banks, as a way 
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to test the De Santis et al. (1995) view of localized grounding events.  Likewise, the 
total volume was divided by the area of the West Antarctic interior that currently 
drains into the Ross Sea to estimate a minimum reconstructed height of the 
continental interior, as a way to test the Anderson and Bartek (1992) view of 
continental-scale ice cover. 
 An isopach map was constructed to estimate the middle Miocene sediment 
volume.  The middle Miocene thickness variations were measured in milliseconds 
(msec) from the regional seismic correlations.  These thickness variations were 
contoured by hand and then converted to depth assuming an average velocity of 1600 
m/s.  The actual sediment velocities may depart greatly from this arbitrary average 
but at present, no existing data define velocity variations in a meaningfully precise 
way.   To determine the volume, the Ross Sea continental shelf was divided into grid 
cells with dimensions of 1° longitude and 0.5° latitude.  The area for each grid cell 
was determined using the following formula:  Area = R2(λ2-λ1)(sinφ2-sinφ1), where R 
= 6371 km (radius of Earth), λ = degree longitude in radians; φ = degree latitude in 
radians (http://www.badc.nerc.ac.uk/help/coordinates/cell-surf-area.html).  Sediment 
volume within the grid cell was determined with the following formula:  Volume = 
(A x f) T, where A = area of grid cell; f = fraction of grid cell area within which the 
middle Miocene section is found; T = estimated average thickness of middle Miocene 
section within the grid cell.  The volume from each grid cell was added to obtain the 
volume for the entire middle Miocene section. Using the same method, the volumes 
of RSS-5 (middle Miocene section from the ANTOSTRAT Project, 1995; Figure 9) 
and the volume of the associated proximal grounding-zone deposits (facies A and C 
illustrated on Figure 17 in De Santis et al., 1995; Figure 6). The maps from the 
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ANTOSTRAT Project (1995) and De Santis et al. (1995) were constructed from 
multi-channel seismic data which allowed those authors to correlate the middle 
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Figure 8.  Age model and paleoenvironment at DSDP sites 272 (Eastern Ross Sea) 
and 273 (Northwestern Ross Sea) (Savage and Ciesielski, 1983). 
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Miocene strata across the outer continental shelf where the section projects below the 
water-bottom multiple. Refer to Appendix A for sediment volume calculations. 
2.2  Thickness Distribution of Middle Miocene Strata 
 Using the isopach map, the distribution of middle Miocene thickness was 
evaluated. If the shelf-wide grounding events culminated with ice-sheet advance to 
the shelf edge, then large quantities of sediment should have been deposited at the 
mouths of ice stream (wide zones of fast-flowing ice).  In such a scenario, the middle 
Miocene isopach map would exhibit upper-slope depocenters with lateral dimensions 
that match the scale of modern ice streams.  Additionally, isopach maps were made 
for each unconformity and associated strata. 
2.3  Dip Directions of Grounding-Zone Clinoforms 
 Proglacial clinoforms probably represent sediment-gravity-flow deposits at 
the marine terminus of an ice sheet and therefore are the marine equivalent of 
terminal and lateral moraines in the terrestrial domain (Alley et al., 1989).  However, 
the proglacial clinoform interpretation is equivocal and needs to be evaluated further.  
The dip directions of middle-Miocene clinoforms were recorded and posted onto a 
seismic basemap.  If the grounding events were restricted to topographic highs, then 
clinoforms should probably radiate in every direction, including landward, away from 
the topographic highs.  If grounding events were shelf-wide, progradation should 
exist in the low-lying areas around the banks and should primarily be directed 
offshore.  In addition, grounding events that were shelf-wide should exhibit glacial 
truncation far beyond the bank crests and across the adjoining low-lying basins.  
Refer to Appendix B for a review of seismic characteristics of high latitude 
continental margins and their depositional interpretations. 
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2.4  Number of Grounding Events 
To determine the minimum number of grounding events, seismic reflectors 
exhibiting regional extent, trough topography, and truncation of the underlying strata 
were assumed to be glacial unconformities.  Following the ANTOSTRAT Project 
(1995) nomenclature, the base of the middle-Miocene unconformity was referred to 
as RSU4.  The top of the middle-Miocene (defined as RSU3 by ANTOSTRAT 
Project, 1995), was referred to as RSU3.1 and the underlying intra middle Miocene 
unconformities were numbered RSU3.2, RSU3.3, etc. from the top down. 
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Figure 9.  Isopach map of RSS-5 (middle Miocene, 16.5 – 10.5 Ma) (ANTOSTRAT 
Project, 1995). 
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CHAPTER 3. RESULTS 
 
In the Northern and Eastern basins, middle Miocene strata are part of a 
basinward-tilted offlapping succession (Figures 10 and 11, respectively). In the 
landward direction, strata are truncated near the sea floor by angular unconformities 
eroded during recent glacial advances.  According to the location of the shelf-edge 
trend at the onset (RSU4) and termination (RSU 3) of the middle Miocene (De Santis 
et al., 1995), these tilted strata may be inferred to be topsets. On the outer shelf, the 
middle Miocene strata thicken basin-ward and project below the water-bottom 
multiple.   
According to the Savage and Ciesielski (1983) age model (Table 1 and Figure 
8), the stratal contact between the top of the middle Miocene and the late Miocene is 
 
PD 90-37S N
800 
msec
1200 
msec
DSDP site 273
RSU 4 = 16.2 M
a
RSU 3.5
14.7 Ma
Bottom Water Multiple
 
 
Figure 10.  Partial view of seismic profile PD 90-37 (Northern Basin), with 
interpreted reflectors.  DSDP site 273 is located at the southern end of the line.  The 
base of the middle Miocene section at this location is dated 16.2 Ma by Savage and 
Ciesielski (1983), and corresponds to RSU 4 (Figure 3.4).  Two north-oriented 
clinoforms are visible in strata associated with unconformity RSU 3.5.  The top of the 
middle Miocene section at this location is dated 14.2 Ma; the strata between this top 
surface and RSU 3.5 is associated with unconformity RSU 3.4 (Figures 3.7 and 3.8). 
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not sampled at the DSDP drill sites on the outer continental shelf.  The top of RSS-5 
(i.e., RSU3 from ANTOSTRAT Project, 1995) was used as the top of the middle 
Miocene.  Although this choice is arbitrary, this datum is a prominent angular 
unconformity below lower Pliocene sampled at DSDP site 271 in Eastern Basin 
(Figure 11).   
3.1  Middle Miocene Sediment Volume Estimates  
 
The middle Miocene section identified in this study (Figure 12) has an 
estimated volume of ~20,000 km3, and an average thickness of 170 meters, covering a 
surface area of ~107,000 km2 (Table 2).  This obviously is a minimum volume 
because the section dips below the water-bottom multiple on the outer shelf.  The 
ANTOSTRAT Project (1995) map of the middle Miocene (i.e., RSS-5) provides a  
 
PD 90-30
DSDP 
site 272
Bottom Water Multiple
SW NE
RSU 3.4 = 14.0 Ma
RSU 3.1RSU 3.2 = 13.8 Ma
RSU 3.3
RSU 3.5
800 
msec
1600 
msec
1200 
msec
 
 
Figure 11.  Partial view of interpreted seismic section PD 90-30 (Eastern Basin) 
through DSDP site 272; DSDP site 271 is north-east and DSDP site 270 is south-west 
of this location.  The base of the middle Miocene section at this location is dated 14.0 
Ma by Savage and Ciesielski (1983) and is defined by RSU 3.4.  The top of the 
middle Miocene at site 272 is dated 13.8 Ma and is defined by unconformity RSU 
3.2.  The top of the middle Miocene is defined by RSU 3.1; this reflector was picked 
by the ANTOSTRAT Project (1995) to represent the top of the middle Miocene. 
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more accurate estimate of the total volume for the middle Miocene section because 
the water-bottom multiple was successfully suppressed in seismic processing.  The 
RSS-5 middle Miocene section has an estimated volume of ~90,600 km3, an average 
thickness of ~450 meters, and a surface area covering ~200,500 km2 (Table 2).  
Within RSS-5, the volume of grounding-zone proximal facies (facies A and C from 
De Santis et al., 1995) is ~7,000 km3 (Table 2).estimate of the total volume for the 
middle Miocene section because the water-bottom multiple was successfully 
suppressed in seismic processing.  The RSS-5 middle Miocene section has an 
estimated volume of ~90,600 km3, an average thickness of ~450 meters, and a surface 
area covering ~200,500 km2 (Table 2).  Within RSS-5, the volume of grounding-zone 
proximal facies (facies A and C from De Santis et al., 1995) is ~7,000 km3 (Table 2). 
3.2 Thickness Distribution of Mmiddle Miocene Strata 
 
The middle Miocene strata are widespread on the outer continental shelf but 
have been eroded over the crests of the North- and South-Central Highs (Figure 12).  
At the landward limit, the middle Miocene section is truncated by an unconformity at 
a younger stratigraphic level.  The basinward limit represents the location where  
 
Table 1.  Elevations and age range of middle Miocene strata sampled at DSDP Sites 
273 and 272 on the Ross Sea outer continental shelf.   
 
DSDP Site 273 
Northern basin 
DSDP Site 272 
Eastern Basin 
Depth  
(m bsf) 
Two-way 
timeb (msec 
bsf) 
Age rangec 
(Ma) 
Deptha 
(m bsf) 
Two-way 
timeb 
(msec bsf) 
Age rangec 
(Ma) 
42.5 60 14.7  23 35 13.8 
272.5 310 16.2 145 150 14.1 
aHayes and Frakes, 1975 
bANTOSTRAT, 1995 
cSavage and Cielsielski, 1983 
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middle Miocene strata project below the water-bottom multiple and are thus obscured 
on single-channel seismic data.  The thickest section is within a basin along the 
northern flank of the SCH that trends northeast – southwest to the north of Ross 
Island.  The maximum thickness is ~400 m.  Within this basin, the middle Miocene is 
also thick within an elongate basin oriented northwest-southeast along the southwest 
flank of the NCH, where maximum thickness reaches ~200 m.   
3.3 Middle Miocene Grounding-Zzone Progradation:  Distribution and 
Orientations 
 
Within the middle Miocene section, relatively few (39) clinoform reflections 
are observed between topsets.  The arrows posted on the thickness map (Figure 12) 
are the apparent-dip directions observed from single-channel seismic profiles.  
Apparent dips of clinoforms range from 1° to 2°.  Clinoform progradation was found 
at several different stratigraphic levels.  The clinoforms were found in the areas 
flanking the banks, and beyond the limits of the grounding-zone facies A and C 
delimited by De Santis et al. (1995).  Clinoforms were also observed in the low-lying 
areas adjacent to the N/SCHs (Figure 12).  The observed clinoform progradation 
 
Table 2. Volume and areal distribution of middle Miocene strata and North Central 
High (NCH)/South Central High (SCH) topographic banks on the Ross Sea outer 
continental shelf.  The estimated areas of the NCH and SCH include only that part of 
the features to the north of the Ross Ice Shelf but these features probably are more 
extensive to the south.   
 
 Figure 12a RSS-5a Facies A and Cc NCH and SCHc 
Volume (km3) 20000 90600 7000 NA 
Area (km2) 10700 200500  55000 
athis study, 2003 
bANTOSTRAT Atlas, 1995 
cDeSantis et al., 1995 
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directions primarily are oriented to the northeast, but in general, the range is from 
northwest to southeast (see rose diagram on Figure 12).  In the areas rimming the 
N/SCHs, apparent dips of clinoforms primarily are oriented perpendicular to the bank 
crest.  On the southern half of the NCH only a few landward (i.e., southwestward) 
oriented clinoforms were observed . Within the low-lying areas adjacent to the bank 
crests, clinoforms primarily are directed offshore (i.e., towards the north-northeast; 
Figure 12).   
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Figure 12.  Isopach map of the middle Miocene section on the Ross Sea.  Observed 
clinoforms are indicated by arrows and the rose diagram on the upper right. 
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3.4 Middle Miocene Seismic Unconformities  
 
Six seismic unconformities (RSU4, RSU3.5, RSU3.4, RSU3.3, RSU3.2 and 
RSU3.1; from the bottom up) are observed within and/or bound the middle Miocene 
section.  Table 3 shows the relationship between these unconformities and previous 
nomenclature for the Ross Sea continental shelf stratigraphy.  The lowest 
unconformity, RSU4, defines the base of the middle Miocene at DSDP Site 273 
(Figure 10).  Seismic correlation and time-structure contour mapping of the RSU4 
shows that this horizon exhibits substantial topographic relief in Northern basin and 
in the western part of Eastern Basin (Figure 13).  The topography resembles the 
bank/trough features at the sea floor, but it also is similar to the horst/graben 
topography of basement (Plate 19d from the ANTOSTRAT Project, 1995).  In 
Northern Basin, a north-south oriented trough is located west of the NCH.  A larger 
trough oriented northeast-southwest is located between the NCH and SCH and 
essentially defines a saddle structure (Figure 13).  The RSU4 unconformity exhibits 
~400 – ~500 msec (300 - 375 m) maximum topographic relief from bank crest to 
trough axis.  Towards the SCH, the unconformity is truncated by younger 
stratigraphic levels within and above the middle Miocene section.  In Northern basin, 
 
Table 3. Middle Miocene units and bounding unconformities identified on the Ross 
Sea continental shelf. 
 
 
ANTOSTRAT, 1995 
Anderson & 
Bartek, 
1992 
Cooper et 
al., 1987 
 
this study 
Seismic 
unit 
top – base 
bounding 
unconformities 
Seismic 
unit 
Seismic 
Unit 
top – base bounding 
unconformities 
Intra middle 
Miocene 
unconformities 
 
RSS-5 
 
RSU3 – RSU4 
 
Unit 9 
 
V1 
 
RSU3.1 – RSU4 
RSU3.2 
RSU3.3 
RSU3.4 
RSU3.5 
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the RSU3.5 unconformity truncates low-angle clinoforms that prograde down the axis 
of the RSU4-unconformity trough (Figures 10 and 14).  The time-structure contour 
map of RSU3.5 (Figure 16) shows that troughs and banks at this horizon are 
coincident with those existing at the RSU4-unconformity.  The RSU3.5 unconformity 
can be correlated towards Eastern Basin but is truncated by the overlying 
unconformity, RSU3.4. 
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Figure 13.  Time-structure contour map of RSU 4, base of the middle Miocene 
section.  This surface is dated 16.2 Ma at DSDP site 273 by Savage and Ciesielski 
(1983). 
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In Eastern Basin, RSU3.4 defines the base of the middle Miocene at DSDP 
Site 272 (Figure 10 and Table 1).  This unconformity shows a trough and flanks of a 
saddle between NCH and SCH.  The extent of the horizon is more restricted than at 
RSU4 and RSU3.5 unconformities because of truncation at higher stratigraphic levels 
and because only a small area of the surface can be traced across the study area before 
the surface projects below the water-bottom multiple (Figures 16 and 17).  
The map extent of the three upper unconformities (RSU3.3, RSU3.2, and 
RSU3.1) is limited to Eastern Basin and could not be confidently correlated with the 
existing seismic grid to Northern basin.  The RSU3.3 is within the middle Miocene 
section sampled at DSDP Site 272 but is truncated by RSU3.2 in a basinward 
direction (Figures 18 and 19).  RSU3.2 shows irregular erosional relief before 
projecting below the water-bottom multiple (Figures 20 and 21).   RSU3.1 is 
equivalent to RSU3 (i.e., the top of RSS-5; ANTOSTRAT Project, 1995) and the top 
of Unit 9 (Anderson and Bartek, 1992) (Figures 22, 23, and Table 3).   
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Figure 14.  Time-thickness contour map of strata associated with RSU 3.5 
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Figure 15.  Time-structure contour map of unconformity RSU 3.5 
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Figure 16.  Time-thickness contour map of strata associated with RSU 3.4 
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Figure 17.  Time-structure contour map of unconformity RSU 3.4 
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Figure 18.  Time-thickness contour map of strata associated with RSU 3.3 
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Figure 19.  Time-structure contour map of unconformity RSU 3.3 
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Figure 20.  Time-thickness contour map of strata associated with RSU 3.2 
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Figure 21.  Time-structure contour map of unconformity RSU 3.2 
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Figure 22.  Time-thickness contour map of strata associated with RSU 3.1 
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Figure 23.  Time-structure contour map of unconformity RSU 3.1 
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CHAPTER 4. DISCUSSION 
 
4.1 Were Ross Sea Grounding Events in the Middle Miocene Localized  
or Shelf-Wide? 
 
The fundamental difference between the Anderson and Bartek (1992) and De 
Santis et al. (1995) models concerns the area of the middle Miocene drainage basins 
that provided sediments to the Ross Sea outer continental shelf.  If the middle 
Miocene volume (Table 2) was exclusively derived by local shedding of glacial 
detritus from the N/SCHs (estimated minimum surface areas of ~20,000 km2 and 
35,000 km2, respectively), then these banks would have been ~1.6 km higher at the 
beginning of the middle Miocene compared to their present-day heights.  The total 
volume of the middle Miocene section may contain a significant volume of biogenic 
sediments, as well as clastic sediments derived from catchment other than the 
N/SCHs.  In today’s polar climate with low terrigenous flux to the Ross Sea outer 
continental shelf, biogenic sediments constitute ~35% of open-marine sediments 
(Leventer et al. 1989).  If the middle Miocene volume is reduced by this extreme 
percentage (i.e., 35%), then the reconstructed height of the N/SCHs would still have 
been unusually high, i.e., ~1.1 km higher than present-day height. 
It must be stressed that these are simple reconstructed heights based only on 
sediment volume.  Factors such as regional subsidence and isostatic adjustments have 
not been included in these calculations.  Regional subsidence of the continental shelf 
that has occurred since middle Miocene time (due to crustal extension, sediment 
loading, etc.) would result in higher reconstructed heights for banks and intra-bank 
areas than calculated. Conversely, isostatic uplift due to bank-crest erosion over the 
same period would result in lower reconstructed heights than those calculated for this 
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study.  The magnitude of regional subsidence is not known and the amount of 
isostatic uplift would depend upon factors such as the density of the material eroded 
(e.g., sediment or basement), and if the N/SCHs were above or below sea level. 
The middle Miocene section may contain a significant volume of clastic 
sediments derived from non N/SCH catchment in either West Antarctica or East 
Antarctica, particularly if the mean middle Miocene climate was temperate because 
then, terrigenous flux including rock flour (e.g., seismic facies B of De Santis et al., 
1995) could have been transported long distances from the original source area.  On 
West Antarctica, free-air gravity data suggests that tectonic horst exist below the Ross 
Ice Shelf (ANTOSTRAT plate 1b, 1995) and therefore, these topographic features 
might have also supplied sediments to the Ross Sea outer continental shelf.  
The Dry Valleys sector of the TAM probably experienced relatively little 
denudation and through-put from the East Antarctic Ice Sheet (EAIS) since the latest 
early Miocene (Sugden et al., 1995; Marchant et al., 1993; Stroeven et al., 1999) but 
ice rafted pebbles found within the upper part of the middle Miocene section at DSDP 
site 272 (Eastern Basin) have a lithology (diabase) that suggests a TAM provenance 
(Barrett, 1975a).  If these diabase pebbles were derived from the TAM, then EAIS 
outlet glaciers may have provided significant volumes of sediment to the Ross Sea 
shelf.  Ultimately, since the area of non-N/SCH catchment for the Ross Sea 
continental shelf cannot be reliably determined, the two reconstructions (~1.6 and 1.1 
km higher than today) may significantly over-estimate the height of the N/SCHs at 
the beginning of the middle Miocene.   
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To minimize the above-mentioned problems associated with precisely 
defining the catchment area, a third sediment-volume reconstruction using only the 
grounding-zone facies surrounding the N/SCHs was conducted.  Grounded ice 
restricted to shelf banks would require that the volume of the grounding-zone 
proximal seismic facies A and C (De Santis et al., 1995) was directly derived by 
glacial shedding from the N- and SCHs bank crests.  In a proximal setting, 
sedimentation rates would be much higher than biogenic production and therefore, 
facies A and C would be dominated by clastic sediment reworked from the bank tops.  
If the volume of facies A and C (Table 2) was derived solely by shedding of glacial 
debris from these two bank crests, then the N/SCHs would have been ~125 m higher 
(assuming a simple layer-cake configuration and non-isostatically-adjusted 
reconstruction) at the beginning of the middle Miocene compared to present-day 
heights.  If the facies-A and -C volume was configured as inverted right circular 
cones, then the apex of the cones would have been ~385 m higher at the beginning of 
the middle Miocene compared to present-day heights.  The low height (~125 m) 
required by this volume reconstruction is not unusual with respect to the large 
dimensions of the N/SCHs.  Thus, the constraint provided by this reconstruction 
shows that the De Santis et al. (1995) ice-cap grounding model is feasible.   
If the deposition of the entire middle Miocene section was associated with 
shelf-wide grounding events, the catchment area presumably would have included a 
large part of West Antarctica (Anderson and Bartek, 1992).  The area of West 
Antarctica that currently drains into Ross Sea is ~1,000,000 km2.  If this provides a 
reasonable estimate of the middle Miocene drainage area, then the land surface would 
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have been lowered by ~90 m on average during the middle Miocene.  If correct, the 
minimum average denudation rate for the entire drainage basin during the middle 
Miocene would have been 0.015 mm/a.  This drainage basin-wide denudation rate is 
lower than the estimated Quaternary polar climate interglacial erosion rate (i.e., 0.3 
mm/a) for the relatively small catchment area for ice stream B (Alley et al., 1989) but 
as the other ice streams (A, C, D, and E) are essentially stagnant, the Quaternary 
denudation rate for the entire West Antarctic drainage basin must be much lower.  In 
contrast to these low rates in the southern hemisphere, Drewry (1986) estimates 
subglacial erosion rates for modern temperate glaciers in the northern hemisphere to 
range from 0.07 to 30.0 mm/a.  Moreover, given that sedimentary basins on the West 
Antarctic interior (Behrendt, 1999) may sequester middle Miocene sediments 
(Harwood et al., 1989), and that the relatively thick middle Miocene section drilled on 
the Ross Sea lower slope at DSDP Site 274 (Hayes and Frakes, 1976) requires 
sediment bypass of the Ross Sea continental shelf, the middle Miocene denudation 
rate probably was significantly higher than the low estimate calculated in this study.  
Because significant quantities of middle Miocene sediment might be sequestered in 
interior basins or have bypassed the shelf, the minimum reconstructed height (~90 m 
higher than today) of the West Antarctic interior drainage basin may not be unusually 
low.  Therefore, the shelf-wide grounding events might have been associated with 
substantial ice cover in the West Antarctic continental interior.   
4.2 Thickness Trends on Outer Shelf/Upper Slope Depocenters in Northern and 
Eastern Basins 
 
If grounded ice was restricted to isolated shelf banks, then the middle 
Miocene section should be relatively condensed in areas far removed from the banks 
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(i.e., at the shelf-edge and upper slope). The middle Miocene thickness contour map 
as well as the RSS-5 isopach (ANTOSTRAT Project, 1995) shows that the middle 
Miocene section thickens basinward (Figures 9 and 12).  Because observations for 
this study are restricted to those places where the middle Miocene strata are above the 
water-bottom multiple, results from this single-channel seismic mapping exercise 
cannot be used to determine if depocenters are located the paleo-shelf edge.  
However, the RSS-5 isopach map shows two outer continental shelf depocenters in 
Northern basin which are roughly coincident with the mouths of Drygalski and 
JOIDES Basins, two glacial troughs eroded during the last several glacial advances.  
In Eastern Basin, the RSS-5 isopach map also shows an elongate outer continental 
shelf depocenter that is far larger than the dimensions of modern ice streams.  
Deposition at the Northern basin shelf-edge depocenters is more consistent with two 
distinct point sources delivering sediment directly to the upper slope.  Either a line 
source or laterally shifting point source could have produced the elongate depocenter 
along the Eastern Basin shelf edge.  Because these three outer-shelf depocenters are 
not proximal to middle Miocene banks, direct shedding of facies A and C from the 
bank tops could not have been the ultimate source of sedimentary material.  This 
leaves the following question: Could processes other than an ice-sheet grounded at 
the shelf edge (i.e., fluvial deltaic sedimentation during eustatic lowstands, robust 
discharge of sediment-charge meltwater across the shelf, open-marine ravinement, 
etc.) have created the upper-slope depocenters observed on the RSS-5 isopach map 
(ANTOSTRAT, 1995). 
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Sedimentologic and faunal data from DSDP site 270 suggest glacially-
influenced sedimentation on a deep-water (i.e., ~500 m) Ross Sea continental shelf 
during the early Miocene (Barrett, 1975a; McDougal, 1977; Leckie and Webb, 1983; 
Hambrey and Barrett, 1993).  On the basis of back-stripping analysis of regional 
seismic profiles in Eastern Basin, De Santis et al. (1999) concluded that the Ross Sea 
outer continental shelf was not yet foredeepened (landward dip due to glacial erosion 
and isotatic loading by the ice sheets) but water depths increased basinward and at 
least locally, the shelf-edge depths approached 1000 m.  If the deep-water 
interpretation is correct, the relatively small glacioeustatic fluctuations (<60 m 
average magnitude of middle Miocene eustatic falls according to the Haq et al. (1987) 
eustatic curve could not have caused subaerial exposure or significant shoaling at the 
Ross Sea paleo-shelf edge.  Thus, it is unlikely that fluvial deltaic sedimentation 
constructed the RSS-5 upper-slope depocenters (ANTOSTRAT, 1995).   
If the middle Miocene was a time of wet-based glaciation (Barrett, 1975b), 
then robust sediment-charged melt-water discharge from either a shelf-wide grounded 
ice sheet (on the inner continental shelf) or local ice cap on an outer-continental-shelf 
bank could have been topographically steered long distances across an open 
continental shelf (i.e., funneled through low-lying basins).  There is no lithologic or 
seismic evidence of fluvial/glaciofluvial processes and thus, the possibility that 
sediment-charged meltwater was a major factor transporting sediment long-distances 
across the shelf within middle Miocene depositional systems is discounted.   
Several open-marine ravinement processes (e.g., transgressive and/or 
regressive erosion at wavebase, storms, impinging Circumpolar Deep Currents, High 
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Salinity Shelf Water, etc.) potentially could transport large volumes of sediment 
basinward to the shelf edge/upper slope.  However, on the Antarctic shelves, open-
marine ravinement probably would not produce a substantial volume of sediment 
because the seafloor would become armored with pebbles as fines are winnowed from 
glacial deposits (Dunbar et al., 1985).  Therefore, it is unlikely that the extremely 
large volume in the upper-slope depocenters was derived by open-marine ravinement.  
Of the two possible grounding scenarios evaluated in this study (shelf-wide vs. bank-
crest grounding events), it is more likely that shelf-wide advance of thick grounded 
ice to the shelf edge constructed upper-slope depocenters.   
4.3  Distribution and Orientation of Grounding-Zone Clinoforms 
If grounded ice was restricted to bank crests, sediments should have been shed 
radially off the banks.  East-southeast and west-northwest progradation observed in 
this study (Figure 12) generally matches that shown by De Santis et al., (1995) and 
confirms a significant component of off-bank flow.  However, the general absence of 
landward-directed clinoforms around the N- and SCHs suggests that if an ice cap 
existed on the banks, then a fully-radial ice-volume/sediment discharge from the 
banks was poorly developed.  However, it must be noted that the configuration of 
topography on the subaerial banks might predispose ice-volume drainage to one side 
or another of the bank.   
In contrast to the ice-cap model, the observed clinoform pattern of off-bank 
shedding could also have been produced by a sinuous trend of a shelf-wide grounding 
zone on the outer shelf as is the case for the WAIS grounding zone today on the Ross 
Sea inner continental shelf.  The rare landward-directed clinoforms rimming the N- 
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and SCHs may have formed by glacial erosion and deposition at an ice rise (i.e., a 
localized elevation of an ice shelf because of pinning on an underlying subaqueous 
bank).  An ice shelf, as opposed to sea ice, is thick floating ice attached to an ice 
sheet.  The ice shelf begins at the grounding zone, the zone where an ice sheet 
decouples from the sea floor.  The free end of the ice shelf corresponds to the calving 
front.  Development of an ice shelf is favored by rapid flow of cold ice into a 
protected embayment with high banks (Alley et al. 1986).  The primary flow direction 
in an ice shelf is controlled by the pattern of discharge from the ice sheet.  If a thick 
ice shelf comes in contact with a shallow bank, the basinward flow of ice decelerates 
because of friction with the seabed.  Ice-flow deceleration causes a localized 3-D 
buildup of ice over the bank, the ice rise.  The creation of a 3-D ice rise (e.g., 
Roosevelt Island on the Ross Ice Shelf; Berkner Island on the Ronne/Filchner Ice 
Shelf) should create a local discharge regime at the subaqueous bank but the primary 
flow should still be towards the ice shelf’s calving front.  To date, there are no 
modern or ancient examples describing the sedimentary/erosional processes and 
resulting stratigraphy that should be associated with ice-rise features.  Prograding 
directions around an ice rise would probably include significant off-bank shedding in 
a semi-radial pattern.  Because the primary ice-sheet/ice-shelf flow would always be 
directed basinward, the landward-directed discharge is inferred to be minimal.  If the 
ice-rise interpretation of the facies rimming the N/SCHs is correct, the middle 
Miocene ice rise was larger than the dimensions of the Roosevelt Island ice rise on 
the Ross Ice Shelf and similar to dimensions of Berkner Island ice rise on the 
Ronne/Filchner Ice Shelf.   
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The overall distribution of dipping reflectors could not have been produced by 
an ice cap or an ice rise because clinoforms prograde parallel to the elongate axes of 
low-lying basins (Figures 10 and 12).  This demonstrates that, at several times during 
the middle Miocene, thick grounded ice was more widespread on the Ross Sea outer 
continental shelf than shown by the distribution of facies A and C illustrated by De 
Santis et al. (1995).  As the majority of observed clinoforms exhibit offshore-directed 
apparent dip, a significant component of ice discharge on the continental shelf must 
have been directed towards the shelf edge.  Thus, the data suggests that ice cover was 
shelf wide.  Because the middle Miocene section could not be traced below the water 
bottom multiple on single-channel seismic data, it cannot be directly determined if 
shelf-wide grounding event culminated at the paleo-shelf edge.  As the RSS-5 middle 
Miocene thickness map (Figure 11; ANTOSTRAT Project, 1995) shows shelf-edge 
depocenters, one may infer that at least some of the shelf-wide grounding events must 
have culminated in ice-sheet advance to the shelf edge. 
4.4 How Many Grounding Events Occurred on the Ross Sea Shelf During the 
Middle Miocene? 
 
Within the middle Miocene, six unconformities (from base to top: RSU4, 
RSU3.5, RSU3.4, RSU3.3, RSU3.2, and RSU3.1) exhibit truncation of the underlying 
strata and are thus angular unconformities.  However, truncation is not ubiquitous and 
over large areas, the unconformities are essentially disconformities.  Although 
clinoforms are not common within the middle Miocene section, at least a few are 
found associated with 5 of the 6 regional seismic unconformities defined in this study.  
Because the unconformities truncate the prograding clinoforms and because the 
topography of the individual unconformities generally mimics the scale of banks and 
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troughs at the sea floor, these unconformties are interpreted to be erosional surfaces 
formed during a shelf-wide grounding event as the ice sheet advanced over its 
proglacial grounding-zone foresets.  The truncation of foresets by RSU3.5 is referred 
to as the RUS3.5 grounding event (Figure 10).  If the glacial interpretation of these 
unconformities is correct, then there were a minimum of 5 advances (RSU3.5, 
RSU3.4, RSU3.3, RSU3.2 and RSU3.1 grounding events) of the ice sheet during the 
middle Miocene assuming that the Savage and Cielsielski (1983) age model is correct 
(see Table 1), and that the top of RSS-5/Unit 9 defines the top of the middle Miocene 
section (see Table 3).  According to the available age constraints, RSU4 may have 
occurred at the beginning of the middle Miocene or in the latter part of the early 
Miocene.  This minimum number of WAIS grounding events on the Ross Sea outer 
continental shelf therefore generally matches the number of middle Miocene δ18O 
enrichments (i.e., 4 Mi-enrichment events from Wright et al., 1992) and eustatic 
lowstands (i.e., 4 sequence boundaries from Haq et al., 1987).   The possibility that 
there were many more major grounding events cannot be excluded, but if so, the 
stratigraphic evidence of such on the Ross Sea outer continental shelf has been 
removed.   
The widespread occurrence of aggrading stratal patterns on the outer 
continental shelf between grounding event unconformities suggests that major 
interglacial periods with minimal ice cover on the outer shelf probably were also 
important in the middle Miocene.  The results from this study suggest that waxing 
and waning of a well-developed WAIS at least on the Pacific sector of the Antarctic 
continental shelf and do not support to the conventional view (developed from 
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oceanic records) of a substantially ice-free West Antarctica during the middle 
Miocene.  Thus, middle Miocene oxygen isotope and eustatic shifts were in part due 
to WAIS fluctuations.  As East Antarctica is the much larger landmass, expansions of 
the EAIS probably were volumetrically more significant than those of the WAIS 
documented here.  
4.5 Do Shelf-Wide Grounding Events Dduring the Mmiddle Miocene Require a 
Full-Bodied Marine-Based WAIS? 
 
The shelf-wide grounding events of the Ross Sea outer continental shelf could 
have been associated with either a large WAIS covering the interiors of West 
Antarctica (Anderson and Bartek, 1992) or a small marine-based WAIS centered on 
the Ross Sea continental shelf.  Combined with the results from previous studies, five 
lines of reasoning suggest that these Ross Sea grounding events probably were 
associated with substantial ice cover on the interiors of West Antarctica.  1) The large 
volume of the middle Miocene strata on the Ross Sea outer continental shelf (Table 
3.2) suggests that sediments probably were derived from a large drainage basin.  2) 
The shelf-wide extent of thick grounded ice on the deep-water Ross Sea outer 
continental shelf suggests a large inland reservoir of ice.  3) The primary 
geomorphologic features that currently direct WAIS drainage towards the Ross Sea 
outer continental shelf (i.e., the TAM, Marie Bryd Land, and attenuated, but not 
necessarily subaqueous, continental crust of West Antarctica) were in existence well 
prior to the middle Miocene (Cooper et al., 1991; Behrendt and Cooper, 1991; ten 
Brink et al., 1993; Behrendt, 1999; Dalziel and Lawver, 2001).  Dalziel and Lawver 
(2001) conclude that existence of the WAIS would not have been possible without the 
lithospheric “cradle” that these features provide.  4) Subglacially-erupted volcanic 
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rocks indicate thick ice cover on West Antarctic highlands at Marie Byrd Land during 
the middle Miocene (LeMasurier and Rex, 1983).  5) The dominant basin-directed 
flow of ice on the Ross outer shelf inferred for middle Miocene grounding events 
closely matches the WAIS drainage pattern that existed on the Ross continental shelf 
at the peak of the last glacial maximum (Shipp et al., 1999).   
Although the lines of evidence mentioned above favor the view of major ice 
cover on West Antarctica, the seismic-based results from the Ross Sea shelf do not 
require that large areas of the West Antarctic continental interiors were below sea 
level in the middle Miocene.  The strongest evidence for glacially-influenced 
sedimentation in middle Miocene marine basins on the West Antarctic interiors 
comes from a single diatomite clast that contains a few rare occurrences of age 
diagnostic diatoms recovered from Ross Ice Shelf Project (RISP) Site J-9 (Harwood 
et al., 1989).  Unless confirmed by additional data, this evidence is tenuous because 
the single clast cannot be used to argue that interior basins were widespread.   
The possibility exists that the EAIS may have overridden the TAM at some 
locations south of Victoria Land to advance across the West Antarctic interior, 
because the data does not specifically require in-situ development of a WAIS.  
However, it is unlikely that overriding events would have occurred at Victoria Land 
because progradation direction of clinoforms adjacent to Victoria Land are not east-
directed.  Moreover, there is no evidence of overriding events since the early 
Miocene, at least at the Dry Valleys sector of the TAM (Sugden et al., 1995; 
Marchant et al., 1993; Stroeven et al., 1999). If the middle Miocene WAIS was 
indeed sourced from an overriding EAIS, then the overriding locations were probably 
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further to the south.  Regardless whether initial development was in-situ or sourced 
from an expanding EAIS, the West Antarctic continental interior had substantial ice 
cover in the middle Miocene. 
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CHAPTER 5. CONCLUSIONS 
 
Analysis of single-channel seismic data synthesized with results from the 
ANTOSTRAT Project (1995) suggests that there were a minimum of 5 shelf-wide 
grounding events of the WAIS on the Ross Sea outer continental shelf during the 
middle Miocene.  As the WAIS grounding line advanced towards the shelf edge, 
thick ice shelves probably pinned on the North- and South Central Highs.  Sediments 
eroded at the ice rise were shed into the adjacent open-marine basins.  The number of 
WAIS grounding events at Ross Sea is consistent with that which could be deduced 
from δ18O and eustatic records.  However, in contrast with the traditional views 
developed from oceanic records, the seismic evidence from Ross Sea show that the 
WAIS periodically contained significant ice volume during the middle Miocene at 
least on the Pacific margin of West Antarctica.   
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APPENDIX A.  SEDIMENT VOLUME CALCULATIONS 
 
Sediment volume calculation of middle Miocene strata used in this study.  
Each grid cell measured one-half degree latitude by one degree longitude.  Each grid 
cell was named after its south-western corner (Column1). The area for each grid cell 
was determined using the following formula:  Area = R2(λ2-λ1)(sinφ2-sinφ1), where R 
= 6371 km (radius of Earth), λ = degree longitude in radians; φ = degree latitude in 
radians (http://www.badc.nerc.ac.uk/help/coordinates/cell-surf-area.html) (Column 
2).  Sediment volume within the grid cell was determined with the following formula:  
Volume = (A x f) T, where A = area of grid cell; f = fraction of grid cell area within 
which the middle Miocene section is found (Column 3); T = estimated average 
thickness of middle Miocene section within the grid cell (Column 5).  The volume 
from each grid cell was added to obtain the volume for the entire middle Miocene 
section. 
Grid cell 
Cell Area 
(km2) 
fraction 
coverage (f)
Area covered 
(km2) 
Avg cell thickness 
(T, in km) Volume (km3)
      
78/176W 1311.71 0.15 196.76 0.05 9.84 
78/175W 1311.71 0.4 524.68 0.15 78.70 
78/174W 1311.71 0.6 787.03 0.2 157.41 
78/173W 1311.71 0.6 787.03 0.2 157.41 
78/172W 1311.71 0.6 787.03 0.25 196.76 
78/171W 1311.71 0.5 655.86 0.25 163.96 
      
77.5/171E 1364.38 0.1 136.44 0.05 6.82 
77.5/172E 1364.38 0.45 613.97 0.125 76.75 
77.5/173E 1364.38 0.7 955.07 0.15 143.26 
77.5/174E 1364.38 0.65 886.85 0.2 177.37 
77.5/175E 1364.38 0.5 682.19 0.2 136.44 
77.5/176E 1364.38 0.25 341.10 0.1 34.11 
77.5/178W 1364.38 0.4 545.75 0.05 27.29 
77.5/177W 1364.38 0.8 1091.50 0.15 163.73 
77.5/176W 1364.38 1 1364.38 0.175 238.77 
77.5/175W 1364.38 1 1364.38 0.2 272.88 
77.5/174W 1364.38 1 1364.38 0.25 341.10 
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Grid cell 
Cell Area 
(km2) 
fraction 
coverage (f)
Area covered 
(km2) 
Avg cell thickness 
(T, in km) Volume (km3)
      
77/170E 1416.94 0.3 425.08 0.05 21.25 
77/171E 1416.94 0.9 1275.25 0.1 127.52 
77/172E 1416.94 1 1416.94 0.25 354.24 
77/173E 1416.94 1 1416.94 0.35 495.93 
77/174E 1416.94 1 1416.94 0.4 566.78 
77/175E 1416.94 1 1416.94 0.35 495.93 
77/176E 1416.94 1 1416.94 0.25 354.24 
77/177E 1416.94 0.75 1062.705 0.15 159.41 
77/178E 1416.94 0.6 850.164 0.15 127.52 
77/179E 1416.94 0.4 566.776 0.1 56.68 
77/180 1416.94 0.05 70.847 0.05 3.54 
77/179W 1416.94 0.2 283.388 0.05 14.17 
77/178W 1416.94 1 1416.94 0.1 141.69 
77/177W 1416.94 1 1416.94 0.25 354.24 
77/176W 1416.94 1 1416.94 0.225 318.81 
77/175W 1416.94 1 1416.94 0.225 318.81 
      
76.5/171E 1469.4 0.8 1175.52 0.075 88.16 
76.5/172E 1469.4 1 1469.4 0.2 293.88 
76.5/173E 1469.4 1 1469.40 0.35 514.29 
76.5/174E 1469.4 1 1469.40 0.25 367.35 
76.5/175E 1469.4 1 1469.40 0.3 440.82 
76.5/176E 1469.4 1 1469.40 0.35 514.29 
76.5/177E 1469.4 1 1469.40 0.35 514.29 
76.5/178E 1469.4 1 1469.40 0.325 477.56 
76.5/179E 1469.4 1 1469.40 0.25 367.35 
76.5/180 1469.4 0.85 1248.99 0.2 249.80 
76.5/179W 1469.4 0.8 1175.52 0.15 176.33 
76.5/178W 1469.4 1 1469.40 0.25 367.35 
76.5/177W 1469.4 1 1469.40 0.4 587.76 
      
76/170E 1521.75 0.2 304.35 0.025 7.61 
76/171E 1521.75 0.9 1369.58 0.15 205.44 
76/172E 1521.75 1 1521.75 0.2 304.35 
76/173E 1521.75 1 1521.75 0.2 304.35 
76/174E 1521.75 1 1521.75 0.1 152.18 
76/175E 1521.75 1 1521.75 0.125 190.22 
76/176E 1521.75 1 1521.75 0.15 228.26 
76/177E 1521.75 1 1521.75 0.225 342.39 
76/178E 1521.75 1 1521.75 0.2 304.35 
76/179E 1521.75 1 1521.75 0.25 380.44 
76/180 1521.75 1 1521.75 0.275 418.48 
76/179W 1521.75 1 1521.75 0.4 608.70 
76/178W 1521.75 1 1521.75 0.4 608.70 
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Grid cell 
Area 
(km2) 
fraction 
coverage (f)
Area covered 
(km2) 
Avg cell thickness 
(T, in km) Volume (km3)
      
75.5/172E 1573.98 0.1 157.40 0.025 3.93 
75.5/173E 1573.98 0.2 314.80 0.025 7.87 
75.5/174E 1573.98 0.6 944.39 0.1 94.44 
75.5/175E 1573.98 1 1573.98 0.125 196.75 
75.5/176E 1573.98 1 1573.98 0.15 236.10 
75.5/177E 1573.98 0.95 1495.28 0.175 261.67 
75.5/178E 1573.98 0.8 1259.18 0.05 62.96 
75.5/179E 1573.98 0.8 1259.18 0.05 62.96 
75.5/180 1573.98 0.85 1337.88 0.15 200.68 
75.5/179W 1573.98 1 1573.98 0.25 393.50 
75.5/178W 1573.98 1 1573.98 0.35 550.89 
      
75/173E 1626.09 0.7 1138.26 0.05 56.91 
75/174E 1626.09 1 1626.09 0.125 203.26 
75/175E 1626.09 1 1626.09 0.15 243.91 
75/176E 1626.09 0.7 1138.26 0.075 85.37 
75/177E 1626.09 0.1 162.61 0.05 8.13 
      
74.5/171E 1678.08 0.8 1342.46 0.05 67.12 
74.5/172E 1678.08 0.9 1510.27 0.05 75.51 
74.5/173E 1678.08 1 1678.08 0.05 83.90 
74.5/174E 1678.08 1 1678.08 0.2 335.62 
74.5/175E 1678.08 1 1678.08 0.1 167.81 
74.5/176E 1678.08 0.9 1510.27 0.1 151.03 
74.5/177E 1678.08 0.5 839.04 0.1 83.90 
      
74/171E 1729.94 0.2 345.99 0.025 8.65 
74/172E 1729.94 0.95 1643.44 0.05 82.17 
74/173E 1729.94 1 1729.94 0.1 172.99 
74/174E 1729.94 1 1729.94 0.15 259.49 
74/175E 1729.94 1 1729.94 0.15 259.49 
74/176E 1729.94 1 1729.94 0.1 172.99 
74/177E 1729.94 1 1729.94 0.1 172.99 
74/178E 1729.94 0.1 172.99 0.025 4.32 
     20075.36 
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 Sediment volume calculated from ANTOSTRAT Project (1995) RSS-5 
Isopach map.  The method used was the same used above. 
Grid Cell 
Cell Area 
(km2) 
fraction 
covered (f)
Area covered 
(km2) 
Avg cell thickness 
(T, in km) Volume (km3)
      
78.5/177W 1258.94 0.1 125.89 0.05 6.29 
78.5/176W 1258.94 0.4 503.58 0.05 25.18 
78.5/175W 1258.94 0.4 503.58 0.10 50.36 
78.5/174W 1258.94 0.3 377.68 0.15 56.65 
78.5/173W 1258.94 0.2 251.79 0.15 37.77 
78.5/172W 1258.94 0.2 251.79 0.25 62.95 
78.5/171W 1258.94 0.2 251.79 0.20 50.36 
78.5/170W 1258.94 0.2 251.79 0.15 37.77 
78.5/169W 1258.94 0.2 251.79 0.10 25.18 
78.5/168W 1258.94 0.1 125.89 0.05 6.29 
78.5/167W 1258.94 0.1 125.89 0.05 6.29 
      
78/177W 1311.71 0.5 655.86 0.05 32.79 
78/176W 1311.71 1 1311.71 0.05 65.59 
78/175W 1311.71 1 1311.71 0.15 196.76 
78/174W 1311.71 1 1311.71 0.20 262.34 
78/173W 1311.71 1 1311.71 0.20 262.34 
78/172W 1311.71 1 1311.71 0.25 327.93 
78/171W 1311.71 1 1311.71 0.25 327.93 
78/170W 1311.71 1 1311.71 0.20 262.34 
78/169W 1311.71 1 1311.71 0.15 196.76 
78/168W 1311.71 1 1311.71 0.10 131.17 
78/167W 1311.71 1 1311.71 0.10 131.17 
78/166W 1311.71 0.9 1180.54 0.15 177.08 
78/165W 1311.71 0.7 918.20 0.15 137.73 
      
77.5/172E 1364.38 0.2 272.88 0.20 54.58 
77.5/173E 1364.38 0.5 682.19 0.25 170.55 
77.5/174E 1364.38 0.6 818.63 0.20 163.73 
77.5/175E 1364.38 0.2 272.88 0.20 54.58 
77.5/178W 1364.38 0.2 272.88 0.10 27.29 
77.5/177W 1364.38 0.8 1091.50 0.15 163.73 
77.5/176W 1364.38 1 1364.38 0.20 272.88 
77.5/175W 1364.38 1 1364.38 0.20 272.88 
77.5/174W 1364.38 1 1364.38 0.35 477.53 
77.5/173W 1364.38 1 1364.38 0.40 545.75 
77.5/172W 1364.38 1 1364.38 0.40 545.75 
77.5/171W 1364.38 1 1364.38 0.40 545.75 
77.5/170W 1364.38 1 1364.38 0.35 477.53 
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Grid Cell 
Cell Area 
(km2) 
fraction 
covered (f)
Area covered 
(km2) 
Avg cell thickness 
(T, in km) Volume (km3) 
      
77.5/169W 1364.38 1 1364.38 0.30 409.31 
77.5/168W 1364.38 1 1364.38 0.30 409.31 
77.5/167W 1364.38 1 1364.38 0.20 272.88 
77.5/166W 1364.38 1 1364.38 0.15 204.66 
77.5/165W 1364.38 0.9 1227.94 0.10 122.79 
      
77/171E 1416.94 0.1 141.69 0.05 7.08 
77/172E 1416.94 0.9 1275.25 0.20 255.05 
77/173E 1416.94 1 1416.94 0.30 425.08 
77/174E 1416.94 1 1416.94 0.35 495.93 
77/175E 1416.94 0.8 1133.55 0.30 340.07 
77/176E 1416.94 0.5 708.47 0.30 212.54 
77/177E 1416.94 0.5 708.47 0.20 141.69 
77/178E 1416.94 0.5 708.47 0.15 106.27 
77/179E 1416.94 0.4 566.78 0.15 85.02 
77/180 1416.94 0.1 141.69 0.05 7.08 
77/179W 1416.94 0.2 283.39 0.05 14.17 
77/178W 1416.94 1 1416.94 0.20 283.39 
77/177W 1416.94 1 1416.94 0.30 425.08 
77/176W 1416.94 1 1416.94 0.45 637.62 
77/175W 1416.94 1 1416.94 0.60 850.16 
77/174W 1416.94 1 1416.94 0.70 991.86 
77/173W 1416.94 1 1416.94 0.70 991.86 
77/172W 1416.94 1 1416.94 0.80 1133.55 
77/171W 1416.94 1 1416.94 1.00 1416.94 
77/170W 1416.94 1 1416.94 1.00 1416.94 
77/169W 1416.94 1 1416.94 1.05 1487.79 
77/168W 1416.94 1 1416.94 1.00 1416.94 
77/167W 1416.94 1 1416.94 0.80 1133.55 
77/166W 1416.94 0.8 1133.55 0.50 566.78 
77/165W 1416.94 0.5 708.47 0.40 283.39 
      
76.5/172E 1469.4 0.2 293.88 0.20 58.78 
76.5/173E 1469.4 1 1469.40 0.20 293.88 
76.5/174E 1469.4 1 1469.40 0.20 293.88 
76.5/175E 1469.4 1 1469.40 0.20 293.88 
76.5/176E 1469.4 1 1469.40 0.25 367.35 
76.5/177E 1469.4 1 1469.40 0.35 514.29 
76.5/178E 1469.4 1 1469.40 0.35 514.29 
76.5/179E 1469.4 1 1469.40 0.30 440.82 
76.5/180 1469.4 0.8 1175.52 0.20 235.10 
76.5/179W 1469.4 0.2 293.88 0.25 73.47 
76.5/178W 1469.4 0.8 1175.52 0.40 470.21 
76.5/177W 1469.4 1 1469.40 0.50 734.70 
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Grid Cell 
Cell Area 
(km2) 
fraction 
covered (f)
Area covered 
(km2) 
Avg cell thickness 
(T, in km) Volume (km3) 
      
76.5/176W 1469.4 1 1469.40 0.65 955.11 
76.5/175W 1469.4 1 1469.40 0.75 1102.05 
76.5/174W 1469.4 1 1469.40 0.85 1248.99 
76.5/173W 1469.4 1 1469.40 1.05 1542.87 
76.5/172W 1469.4 1 1469.40 1.60 2351.04 
76.5/171W 1469.4 1 1469.40 2.00 2938.80 
76.5/170W 1469.4 0.7 1028.58 2.40 2468.59 
76.5/169W 1469.4 0.4 587.76 2.40 1410.62 
76.5/168W 1469.4 0.1 146.94 1.80 264.49 
      
76/173E 1521.75 0.9 1369.58 0.20 273.92 
76/174E 1521.75 1 1521.75 0.25 380.44 
76/175E 1521.75 1 1521.75 0.20 304.35 
76/176E 1521.75 1 1521.75 0.20 304.35 
76/177E 1521.75 1 1521.75 0.30 456.53 
76/178E 1521.75 1 1521.75 0.30 456.53 
76/179E 1521.75 1 1521.75 0.30 456.53 
76/180 1521.75 1 1521.75 0.30 456.53 
76/179W 1521.75 1 1521.75 0.45 684.79 
76/178W 1521.75 1 1521.75 0.55 836.96 
76/177W 1521.75 1 1521.75 0.65 989.14 
76/176W 1521.75 1 1521.75 0.90 1369.58 
76/175W 1521.75 1 1521.75 1.30 1978.28 
76/174W 1521.75 1 1521.75 1.70 2586.98 
76/173W 1521.75 1 1521.75 2.00 3043.50 
76/172W 1521.75 0.6 913.05 2.60 2373.93 
76/171W 1521.75 0.1 152.18 2.80 426.09 
      
75.5/173E 1573.98 0.7 1101.79 0.15 165.27 
75.5/174E 1573.98 1 1573.98 0.25 393.50 
75.5/175E 1573.98 1 1573.98 0.25 393.50 
75.5/176E 1573.98 1 1573.98 0.20 314.80 
75.5/177E 1573.98 1 1573.98 0.20 314.80 
75.5/178E 1573.98 0.6 944.39 0.15 141.66 
75.5/179E 1573.98 0.2 314.80 0.10 31.48 
75.5/180 1573.98 0.1 157.40 0.15 23.61 
75.5/179W 1573.98 0.5 786.99 0.20 157.40 
75.5/178W 1573.98 1 1573.98 0.30 472.19 
75.5/177W 1573.98 1 1573.98 0.40 629.59 
75.5/176W 1573.98 0.7 1101.79 0.60 661.07 
75.5/175W 1573.98 0.4 629.59 1.10 692.55 
75.5/174W 1573.98 0.2 314.80 2.00 629.59 
75.5/173W 1573.98 0.05 78.70 2.90 228.23 
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Grid Cell 
Cell Area 
(km2) 
fraction 
covered (f)
Area covered 
(km2) 
Avg cell thickness 
(T, in km) Volume (km3) 
75/173E 1626.09 0.7 1138.26 0.10 113.83 
75/174E 1626.09 1 1626.09 0.20 325.22 
75/175E 1626.09 1 1626.09 0.30 487.83 
75/176E 1626.09 1 1626.09 0.25 406.52 
75/177E 1626.09 0.8 1300.87 0.20 260.17 
75/179W 1626.09 0.3 487.83 0.20 97.57 
75/178W 1626.09 0.8 1300.87 0.30 390.26 
75/177W 1626.09 0.3 487.83 0.20 97.57 
      
74.5/172E 1678.08 0.2 335.62 0.05 16.78 
74.5/173E 1678.08 0.8 1342.46 0.15 201.37 
74.5/174E 1678.08 1 1678.08 0.20 335.62 
74.5/175E 1678.08 1 1678.08 0.25 419.52 
74.5/176E 1678.08 1 1678.08 0.30 503.42 
74.5/177E 1678.08 0.9 1510.27 0.30 453.08 
74.5/178E 1678.08 0.6 1006.85 0.25 251.71 
74.5/179E 1678.08 0.1 167.81 0.25 41.95 
      
74/172E 1729.94 0.9 1556.95 0.05 77.85 
74/173E 1729.94 1 1729.94 0.15 259.49 
74/174E 1729.94 1 1729.94 0.25 432.49 
74/175E 1729.94 1 1729.94 0.25 432.49 
74/176E 1729.94 1 1729.94 0.30 518.98 
74/177E 1729.94 1 1729.94 0.50 864.97 
74/178E 1729.94 1 1729.94 0.35 605.48 
74/179E 1729.94 0.8 1383.95 0.25 345.99 
      
73.5/172E 1781.66 0.9 1603.49 0.10 160.35 
73.5/173E 1781.66 1 1781.66 0.20 356.33 
73.5/174E 1781.66 1 1781.66 0.35 623.58 
73.5/175E 1781.66 1 1781.66 0.30 534.50 
73.5/176E 1781.66 1 1781.66 0.70 1247.16 
73.5/177E 1781.66 1 1781.66 1.00 1781.66 
73.5/178E 1781.66 1 1781.66 0.40 712.66 
73.5/179E 1781.66 1 1781.66 0.40 712.66 
73.5/180 1781.66 0.9 1603.49 0.25 400.87 
73.5/179W 1781.66 0.9 1603.49 0.15 240.52 
73.5/178W 1781.66 0.6 1069.00 0.20 213.80 
      
73/171E 1833.26 0.2 366.65 0.10 36.67 
73/172E 1833.26 0.8 1466.61 0.20 293.32 
73/173E 1833.26 1 1833.26 0.45 824.97 
73/174E 1833.26 1 1833.26 0.50 916.63 
73/175E 1833.26 1 1833.26 0.45 824.97 
73/176E 1833.26 1 1833.26 0.70 1283.28 
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Grid Cell 
Cell Area 
(km2) 
fraction 
covered (f)
Area covered 
(km2) 
Avg cell thickness 
(T, in km) Volume (km3) 
      
73/177E 1833.26 0.5 916.63 0.80 733.30 
73/178E 1833.26 0.1 183.33 0.30 55.00 
73/180 1833.26 0.1 183.33 0.05 9.17 
73/179W 1833.26 0.2 366.65 0.20 73.33 
73/178W 1833.26 0.2 366.65 0.30 110.00 
      
72.5/172E 1884.71 0.4 753.88 0.60 452.33 
72.5/173E 1884.71 1 1884.71 0.70 1319.30 
72.5/174E 1884.71 1 1884.71 0.80 1507.77 
72.5/175E 1884.71 1 1884.71 0.70 1319.30 
72.5/176E 1884.71 0.1 188.47 0.15 28.27 
      
72/172E 1936.02 0.1 193.60 0.70 135.52 
72/173E 1936.02 0.3 580.81 0.80 464.64 
72/174E 1936.02 0.4 774.41 0.40 309.76 
72/175E 1936.02 0.4 774.41 0.80 619.53 
     90636.44 
 
 
Calculation of area covered by North Central Highs. 
Grid Cell 
Cell Area 
(km2) 
fraction 
covered (f)
Area covered 
(km2) 
    
75.5/178E 1573.98 0.3 472.19 
75.5/179E 1573.98 0.8 1259.18 
75.5/180 1573.98 0.9 1416.58 
75.5/179W 1573.98 0.3 472.19 
75/177E 1626.09 0.2 325.22 
75/178E 1626.09 1 1626.09 
75/179E 1626.09 1 1626.09 
75/180 1626.09 1 1626.09 
75/179W 1626.09 0.8 1300.87 
74.5/177E 1678.08 0.3 503.42 
74.5/178E 1678.08 0.1 167.81 
74.5/179E 1678.08 0.3 503.42 
74.5/180 1678.08 0.9 1510.27 
74.5/179W 1678.08 1 1678.08 
74.5/178W 1678.08 0.7 1174.66 
74/179E 1729.94 0.2 345.99 
74/180 1729.94 0.9 1556.95 
74/179W 1729.94 1 1729.94 
74/178W 1729.94 0.7 1210.96 
73.5/180 1781.66 0.1 178.17 
73.5/179W 1781.66 0.1 178.17 
   20862.34 
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Calculation of area covered by South Central High 
Grid Cell 
Cell Area 
(km2) 
fraction 
covered (f)
Area covered 
(km2) 
 
78.5/176E 1258.94 0.4 503.58 
78.5/177E 1258.94 0.7 881.26 
78.5/178E 1258.94 0.8 1007.15 
78.5/179E 1258.94 0.9 1133.05 
78.5/180 1258.94 1 1258.94 
78.5/179W 1258.94 0.9 1133.05 
78.5/178W 1258.94 0.6 755.36 
78.5/177W 1258.94 0.1 125.89 
78/175E 1311.71 0.4 524.68 
78/176E 1311.71 1 1311.71 
78/177E 1311.71 1 1311.71 
78/178E 1311.71 1 1311.71 
78/179E 1311.71 1 1311.71 
78/180 1311.71 1 1311.71 
78/179W 1311.71 1 1311.71 
78/178W 1311.71 1 1311.71 
78/177W 1311.71 0.5 655.86 
77.5/175E 1364.38 0.7 955.07 
77.5/176E 1364.38 1 1364.38 
77.5/177E 1364.38 1 1364.38 
77.5/178E 1364.38 1 1364.38 
77.5/179E 1364.38 1 1364.38 
77.5/180 1364.38 1 1364.38 
77.5/179W 1364.38 1 1364.38 
77.5/178W 1364.38 0.8 1091.50 
77.5/177W 1364.38 0.2 272.88 
77/175E 1416.94 0.1 141.69 
77/176E 1416.94 0.5 708.47 
77/177E 1416.94 0.5 708.47 
77/178E 1416.94 0.5 708.47 
77/179E 1416.94 0.6 850.16 
77/180 1416.94 0.9 1275.25 
77/179W 1416.94 0.8 1133.55 
76.5/180 1469.4 0.2 293.88 
76.5/179W 1469.4 0.8 1175.52 
76.5/178W 1469.4 0.2 293.88 
   34955.86 
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Calculation of sediment volume for Facies A and C (De Santis et al., 1995).  
The area covered by these two facies was calculated from the map in De Santis et al. 
(1995).  The thickness of the facies was derived from RSS-5 isopach map 
(ANTOSTRAT Project, 1995). 
Grid Cell 
Cell Area 
(km2) 
Fraction 
covered (f)
Area covered 
(km2) 
Avg cell 
thickness  
(T, in km) Volume (km3) 
      
78.5/177W 1259.94 0.1 125.99 0.05 6.30 
78.5/176W 1259.94 0.4 503.98 0.05 25.20 
78.5/175W 1259.94 0.4 503.98 0.10 50.40 
78.5/174W 1259.94 0.3 377.98 0.15 56.70 
78.5/173W 1259.94 0.2 251.99 0.15 37.80 
78.5/172W 1259.94 0.2 251.99 0.25 63.00 
78.5/171W 1259.94 0.2 251.99 0.20 50.40 
      
78/177W 1311.71 0.5 655.86 0.05 32.79 
78/176W 1311.71 1 1311.71 0.05 65.59 
78/175W 1311.71 1 1311.71 0.15 196.76 
78/174W 1311.71 0.8 1049.37 0.20 209.87 
78/173W 1311.71 0.4 524.68 0.15 78.70 
      
77.5/178W 1364.38 0.2 272.88 0.10 27.29 
77.5/177W 1364.38 0.8 1091.50 0.15 163.73 
77.5/176W 1364.38 1 1364.38 0.20 272.88 
77.5/175W 1364.38 0.7 955.07 0.20 191.01 
77.5/174W 1364.38 0.1 136.44 0.35 47.75 
      
77/179W 1416.94 0.2 283.39 0.05 14.17 
77/178W 1416.94 1 1416.94 0.20 283.39 
77/177W 1416.94 1 1416.94 0.30 425.08 
77/176W 1416.94 0.8 1133.55 0.40 453.42 
77/175W 1416.94 0.2 283.39 0.50 141.69 
      
76.5/179W 1469.4 0.1 146.94 0.30 44.08 
76.5/178W 1469.4 0.5 734.70 0.35 257.15 
76.5/177W 1469.4 0.3 440.82 0.40 176.33 
      
76/179W 1521.75 0.1 152.18 0.40 60.87 
76/178W 1521.75 0.05 76.09 0.45 34.24 
      
76/175E 1521.75 0.2 304.35 0.30 91.31 
76/176E 1521.75 0.1 152.18 0.15 22.83 
76/177E 1521.75 0.1 152.18 0.20 30.44 
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Grid cell 
Cell Area 
(km2) 
fraction 
covered (f)
Area covered 
(km2) 
Avg cell 
thickness  
(T, in km) Volume (km3) 
      
75.5/175E 1573.98 0.2 314.80 0.30 94.44 
75.5/176E 1573.98 0.6 944.39 0.15 141.66 
75.5/177E 1573.98 1 1573.98 0.20 314.80 
75.5/178E 1573.98 0.5 786.99 0.15 118.05 
      
74.5/175E 1678.08 0.1 167.81 0.25 41.95 
74.5/176E 1678.08 0.8 1342.46 0.30 402.74 
74.5/177E 1678.08 0.8 1342.46 0.30 402.74 
74.5/178E 1678.08 0.6 1006.85 0.25 251.71 
74.5/179E 1678.08 0.1 167.81 0.25 41.95 
      
74/177E 1729.94 0.1 172.99 0.35 60.55 
74/178E 1729.94 0.9 1556.95 0.35 544.93 
74/179E 1729.94 0.8 1383.95 0.25 345.99 
      
73.5/178E 1781.66 0.1 178.17 0.35 62.36 
73.5/179E 1781.66 0.1 178.17 0.25 44.54 
     6942.98 
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APPENDIX B.  SEISMIC FACIES AND INTERPRETATIONS 
 
 The following is a compilation culled from the published literature of seismic 
features, their descriptions, and interpretations.  This appendix is divided into two 
sections: subglacial and/or ice-proximal seismic facies, and ice-distal facies. 
Subglacial and/or Ice-Proximal Seismic Facies 
1. Subglacial Deltas or Till Deltas 
Visual description:  Subglacial deltas show prograding clinoforms that downlap onto 
glacial erosion surfaces.  They typically lack stratification in their updip (proximal) 
portions and grade downdip into acoustically laminated deposits in the bottomset 
(prodelta) portions of the delta (Anderson and Bartek, 1992).  Clinoforms appear to 
be convex-down. 
Interpretations:  “We believe that they comprise basal-till topsets with minor sorted 
sediments, and gravity-flow foresets and bottomsets; the topsets will parallel the base 
of the ice and may dip upstream.  A thick, extensive accumulation of sediment near 
the grounding line, where the water pressure is almost as large as the overburden 
pressure, would be quite soft and would support only a small basal sheet stress.  This 
in turn requires a small ice-air surface slope which implies a small pressure gradient 
driving water flow, a thickened water film, and enhanced sliding between ice and till 
in addition to ongoing till deformation.  The base of an ice shelf typically rises 
downstream, and if sediment filling the sub-ice-shelf cavity retained this slope, water 
drainage would be slowed further.  The downglacier end of a till delta is the 
grounding line, where flotation begins, and we have called the upglacier end the 
“coupling line” where the ice-stream surface slope decreases onto the delta.  
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Deformation…must continue across the delta, creating a several-meter-thick topset 
bed that may have a shallow (≤ 1°) upglacier dip.  The highly unconsolidated, water-
saturated sediment transported through this topset must lose contact with the ice at the 
grounding line, leading to slumping and development of foreset and bottomset beds 
of turbidites and debris-flow deposits” (Alley et al., 1989).  Both Alley et al. (1989) 
and Bartek et al. (1997) state that these till deltas have a lobate external morphology.  
However, Powell (1984) states that if the grounding line is quasi-stable, then a  
 
Figure 24.  Seismic example and interpreted section of a subglacial delta from profile 
PD 90-21, Eastern Basin (Anderson and Bartek, 1992). 
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morainal bank is produced, it is interpreted to be grounding line ice-proximal deposits 
(see below).  They occur as elongate ridges or isolated mounds.  Alley et al. (1989) 
do not agree with this morphology.  The deltas prograde through a “conveyor belt 
recycling” mechanism which, in turn, allows the grounding line to advance across the 
surface (Anderson and Bartek, 1992; Powell, 1984) (Figure 24). 
2. Till Tongue 
Visual description:  Large (km to tens of km in length and width), thick (tens of 
meters), acoustically massive sedimentary bodies…these bodies usually rest on 
glacial erosional surfaces (Anderson and Bartek, 1992).  Till tongues are wedge-
shaped, acoustically incoherent, lateral extensions of massive till deposits which 
intertongue with stratified, ice-proximal glaciomarine (sic) deposits.  The 
glaciomarine (sic) beds splay at the tip of the tongues, and in an up-glacier direction, 
they interdigitate with the till (till-tongue root), indicating a time-transgressive 
relationship.  Reflections at the root sometimes terminate abruptly but generally fade 
out as discontinuous, coherent reflections (facies C) over varying lateral 
distances….The distance from the tip to the root generally ranges from several km to 
30 km.  Thicknesses of till in the root area range from a few meters to 100 m, most 
frequently from 25 to 50 m.  Till tongues range in lateral extent along the tip from 10 
to 30 km for the smaller tongues to more than 300 km for the largest.  Till tongues 
appear as simple wedges or as complex, stacked successions (King et al., 1991).  
When found as stacked successions, the till-tongue roots appear to be convex-up. 
Interpretations:  King et al. (1991) note that there are both subglacial and proglacial 
components to a till tongue as they describe it (Figures 25 and 26). 
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Figure 25.  Seismic example and interpreted section of till tongues from profile PD 
90-43, Northern Basin (Anderson and Bartek, 1992). 
 
 
3.  Inter Ice Stream Ridge 
Visual description:  Bartek et al. (1997) suggest that their facies LPCL may 
correspond to this feature:  low spatial frequency, poor lateral continuity, and has 
reflections that internally have a clinoform geometry.  The inter ice stream ridge is 
described by Shipp et al. (1999).  The external morphology is ridge-like, located 
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between two troughs, with convex-down internal clinoforms that dip in one direction, 
although dip angles vary. 
Interpretations:  Shipp et al. (1999) suggest that this feature was formed between two 
adjacent ice streams.  The internal clinoforms are interpreted to be lateral accretion 
surfaces that indicate lateral shifting of extended paleo-ice streams as they flowed 
along the troughs (Figure 27). 
 
 
 
 
Figure 26.  Interpretation of seismic reflection sparker profile from the mid-
Norwegian Shelf showing a closely spaced succession of till tongues associated with 
till tongue 16, a major tongue of the Middle Till.  Note how the till-tongue roots (*) 
grade into the till.  The tongues are interpreted as representing local grounding-line 
fluctuations and can be correlated only for a short distance.  Glaciomarine events 
separating the tongues are generally much thinner than the 7-m bubble pulse of the 
seismic system, and in some instances the lift-off event may represent only a very 
thin layer of ice-proximal glaciomarine sediment.  Direction of paleo ice flow was 
from right to left.  Sediment thicknesses are approximate and based on water velocity  
(King et al., 1991). 
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4.  Reworked Subglacial Surfaces 
Visual Description:  Bartek et al. (1997)’s facies MMCPX has moderate frequency, is 
moderately continuous, and exhibits internally complex reflections with a varying 
relationship to the upper boundary.  It’s a complex mix of all characteristics and 
morphologies seen elsewhere. 
Interpretations:  Bartek et al. (1997)’s facies MMCPX may represent subglacial 
reworking or bull-dozing or dumping (Figure28). 
 
 
Figure 27.  Strike-oriented seismic transect using 50 in3 (819.5 cm3) airgun across a 
trough-bank-trough system in the central Ross Sea.  In contrast to the erosional flanks 
of the western Ross Sea banks, inter-ice-stream ridges of the central and eastern Ross 
Sea are depositional.   Lateral accretion observed in the ridges is interpreted to 
indicate lateral shifting of extended paleo-ice streams as they flowed along the 
troughs.  Location indicated on inset map  (Shipp et al., 1999). 
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Figure 28.  Panels of seismic facies types.  Horizontal and vertical scales of the 
portions of data presented are provided in each panel of the figure.  (A) Seismic facies 
LPCL (low frequency, poorly continuous reflections with a clinoform geometry) and 
facies MCP (moderate frequency, continuous, parallel reflections).  Facies LPCL is 
uncommon, but facies MCP is very common in the study area.  (B) Seismic facies 
types HCP (high frequency, laterally continuous, parallel reflections) and facies 
MCANG (moderate frequency, continuous, dipping reflections truncated in an 
angular manner).  These facies are not common in the Eastern Ross Sea.  (C) Seismic 
facies types (CHAO) (chaotic, acoustically transparent) and facies MMTR (moderate 
frequency, moderately continuous reflections, that have a trough-like geometry).  (D) 
Seismic facies MMCPX, complex mix of all reflection characteristics and 
morphologies seen elsewhere.  (E) Seismic facies MPXX (low frequency, poorly 
continuous, trough cross-cutting reflection morphology) (Bartek et al., 1997). 
 
5.  Ice-Proximal Grounding-Zone Glacimarine Facies 
Visual description:  There are conflicting views as to the visual descriptions of this 
feature.  King et al. (1991)’s facies A has high amplitude, continuous, coherent 
reflections.  Reflections are smooth, parallel, and at closely-spaced intervals less than 
1m.  Conformable reflections mimic the shape of irregularities at the surface of the 
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underlying till and bedrock (draping beds).  DeSantis et al. (1995)’s facies A are 
partly reflective bodies 50-200 msec thick and extend several km.  They are bounded 
by oblique-tangential clinoforms dipping at ~1º and downlap onto sub-horizontal 
reflectors, though some bounding surfaces are concave and plainly erosional.  Bartek 
et al. (1997) suggest that their facies L-MCP may be either ice-proximal glacimarine 
or outer-shelf glacimarine.  Facies MCP contains reflections that are of moderate 
frequency, are laterally continuous, and parallel. 
Interpretations:  DeSantis et al. (1995)’s facies A is formed by progradation and 
lateral migration of proglacial deposits that likely accumulated as prograding fans 
with associated gravity flows.  Bartek et al. (1997) interpret their facies L-MCP as 
ice-proximal glacimarine based on similarities with other workers’ interpretations of 
ice-proximal glacimarine – Alonso et al. (1992)’s semi-transparent facies is 
interpreted to be grounding-line proximal glaciomarine facies; Bartek et al. (1997) 
also note a similarity to Belknap and Shipp’s facies GM-M (glacio-marine mounded).  
Bartek et al. (1997) interpret the lower-amplitude version of facies MCP (i.e., L-
MCP) to be caused by a proximity to the grounding line of a glacier, which causes 
more reworking of sediments.  They note that facies L-MCP could be formed in the 
outer shelf regions due to current-sorting of deposits (Figures 28, 29, and 30). 
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Figure 29.  Segment of seismic profile MAGE890022 (low-resolution data) and 
interpretation illustrating facies A with a bank-like external shape and southward-
dipping foresets that prograde from the Central high (De Santis et al., 1995). 
 
 
 
Figure 30.  Three main types of acoustic signatures:  S, stratified (S1, continuous 
parallel; S2, continuous divergent; S3, oblique); T, semitransparent; C, chaotic (C1, 
hyperbolic; C2, lacking hyperbole) (Alonso et al., 1992). 
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Ice-Distal Seismic Facies 
1.  Ice-Distal Glacimarine Seismic Facies 
Visual description:  King et al. (1991)’s facies B has medium to low amplitude, 
continuous, coherent reflections.  Reflections are smooth, parallel, and closely spaced 
as in facies A, but they do not tend to group into dense bands.  Individual reflections 
tend to fade laterally and cannot be traced for long distances. 
DeSantis et al. (1995)’s facies B is stratified, with high amplitude, parallel and sub-
horizontal reflectors.  It typically includes chaotic lenses several tens of km long and 
100-200 msec thick that are convex upwards on strike lines.  The lenses grade into a 
generally sub-horizontal stratified facies. 
Interpretations:  King et al. (1991)’s facies B is interpreted to be ice-distal 
glacimarine  because of its seismic character; the individual reflections that cannot be 
traced for long distances may be due to bioturbation. 
DeSantis et al. (1995) contend that the chaotic lenses in their facies B are sediment 
gravity flows in an ice-distal environment (Figure 31). 
2.  Grounding-Line Fans 
Visual description:  DeSantis et al. (1995)’s facies C has a fan-like geometry, a mix 
of internal low-amplitude, low-angle to sub-horizontal reflectors, with chaotic lenses 
generally less than 100 msec thick and a few km long. 
Interpretations:  DeSantis et al. (1995) interpret this facies to be ice-proximal 
composed of gravity-flows draped by glacial-marine sediments; it includes till 
tongues deposited on subglacial erosion surfaces (Figure 31). 
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3.  Oblique Ice-Distal Seismic Facies 
Visual description:  Bartek et al. (1997)’s facies MCANG has moderate to high 
spatial frequency, is laterally continuous, with internally conformable reflections.  It 
shows an angular relationship to its upper boundary.  This is very similar to Alonso et 
al. (1992)’s facies S3. 
Interpretations:  Bartek et al. (1997) offer two ways in which their facies MCANG 
could have been deposited:  (1) sediment was deposited on an uplifted basement unit 
and subsequently eroded, or (2) it was horizontal and has subsequently been uplifted 
 
 
Figure 31. Segment of seismic profile PD90-30 (intermediate-resolution data) and 
interpretation.  This line shows seismic facies C and B of RSS-2 crossing DSDP Site 
270 and facies C of RSS-3 and RSS-4 crossing DSDP Site 272.  A facies A feature, 
interpreted by Anderson and Bartek (1992) as a till tongue, occurs in RSS-3 within a 
facies C unit.  Note that RSU6 onlaps onto the basement flank.  Folds in RSS-1 and 
RSS-2 are less evident in RSS-3 and RSS-4 and are absent above RSU4 (De Santis et 
al., 1995). 
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with the basement to its present location and eroded.  In any case, it was deposited 
prior to a grounding event (Figure 28). 
4. Trough Infill 
Visual description:  Bartek et al. (1997)’s facies MMTR has moderate spatial 
frequency with continuous, internally parallel reflections and a trough-like geometry.  
It is similar to Alonso et al. (1992)’s facies S2. 
Interpretations:  Bartek et al. (1997) suggest that their facies MMTR is formed by 
glaciomarine sedimentation infilling former subglacial troughs and other depressions 
on the sea floor (Figure 28). 
5.  Cross-Cutting Seismic Facies 
Visual description:  Bartek et al. (1997)’s facies MPXX is a low-frequency, poorly 
continuous facies exhibiting cross-cutting morphology.  Between each “trough,” 
chaotic facies is found. 
Interpretations:  Bartek et al. (1997) suggest that the origin of facies MPXX is likely 
to be associated with  the cutting and filling of glacial troughs as the ice sheets 
advanced on to the continental margin and perhaps migrated laterally during the 
advances and retreats, thus creating the cut-and-fill morphology of the reflections.  
Shipp et al. (1999) show a potentially similar morphology on fig. 13 that they 
interpret to be continental shelf edge thrust faults (Figure 28). 
6.  Off-Bank Progradation 
Visual description:  Illustrated in Shipp et al. (1999).  We observe a chaotic wedge 
with internal clinoforms extending from a bank and downlapping onto the adjacent 
basin.  The internal clinoforms seem to be convex down. 
 74
Interpretations:  Shipp et al. (1999) suggest that the internal clinoforms indicate 
lateral accretion from the bank into the trough.  It potentially be difficult to 
distinguish this feature from a Till Delta (Figure 32). 
7.  Grounding Zone Wedge, Intratrough Wedge, or Morainal Bank 
Visual description:  Shipp et al. (1999) describe it as overlying an erosional 
unconformity.  It displays rare, stacked concave down reflectors within the 
predominantly acoustically massive interior.  The internal reflectors dip seaward with 
an apparent angle of 0.2°.  Powell (1984)’s morainal banks occur as elongate ridges 
or isolated mounds and are probably similar in origin to some of the Quaternary 
landforms termed DeGeer, washboard or cross-valley moraines.  A morainal bank 
comprises grounding line melt-out till, dropped, compound and residual para-tills,  
 
Figure 32.  Strike-oriented profile using 50 in3 (819.5 cm3) airgun across a sediment 
wedge extending from Mawson Bank and downlapping into the Victoria Land Basin.  
Clinoforms within the wedge indicate lateral accretion from the east.  Hypothetical 
grounded ice and ice shelf suggest the depositional setting of the sediment wedge.  
The section was chosen as a good representative of a geomorphic feature (Shipp et 
al., 1999). 
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dumped supraglacial debris at a tidewater front, fluvial sediment and sediment gravity 
flow deposits. 
Interpretations:  Powell (1984)’s morainal banks are produced by melt out of basal 
debris at a quasi-stable grounding line.  Morainal bank sediment may then be recycled 
in conveyor belt fashion by erosion off the subglacial face and deposited on the 
marine face.  If the bank becomes sufficiently large so that it decreases ice exposure 
to the sea, the grounding line may advance.  Alternatively, if the grounding line has to 
remain at that one location for quasi-stability, then erosional overdeepening may 
occur behind the grounding line.  The fore-slope of a morainal bank may show 
evidence of sliding/slumping and sediment gravity flow channels.  These flows 
contribute to the interlaminated sediment with which the morainal bank interfingers.  
Ice-contact gravity flow deposits are also common in Quaternary sequences (Figure 
32). 
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Juan Manuel Chow was born in the geologically-active Republic of 
Nicaragua; five years later, the hospital where he was born was destroyed by an 
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